We report the growth of single-domain epitaxial Bi 2 Se 3 films on InP(111)A substrate by molecular-beam epitaxy. Nucleation of Bi 2 Se 3 proceeds at steps, so the lattices of the substrate play the guiding role for a unidirectional crystalline film in the step-flow growth mode. There exists a strong chemical interaction between atoms at the heterointerface, so the growth does not follow the van der Waals epitaxy process. A mounded morphology of thick Bi 2 Se 3 epilayers suggests a growth kinetics dictated by the Ehrlich-Schwoebel barrier. The Schubnikov de Haas oscillations observed in magnetoresistance measurements are attributed to Landau quantization of the bulk states of electrons. V C 2013 AIP Publishing LLC [http://dx.
Bi 2 Se 3 is a three-dimensional topological insulator (TI), which has been studied extensively in recent years. 1, 2 In the interest of better samples, efforts have been made to grow high quality Bi 2 Se 3 epilayers on many different substrates. [3] [4] [5] [6] [7] [8] [9] [10] [11] Despite Bi 2 Se 3 growth is found to be tolerant to the choice of the substrates, the structural quality of Bi 2 Se 3 epilayer does show a dependence on the characteristics of the substrate, where an inert and closely lattice-matched substrate appears favorable for better epitaxial Bi 2 Se 3 thin films. 12 In this study, we experiment Bi 2 Se 3 growth on InP(111)A (i.e., indium (In) terminated) substrate by molecular-beam epitaxy (MBE). InP is a common III-V semiconductor which has a lattice parameter closely matches that of Bi 2 Se 3 in the c-plane (e.g., the spacing between the nearest neighbor In atoms in the (111) plane of InP is $0.415 nm while that between Se atoms of Bi 2 Se 3 is $0.414 nm). Therefore, MBE growth of Bi 2 Se 3 along the c-axis on InP(111) represents a lattice-matched heteroepitaxial system. There are already reports of Bi 2 Se 3 growth on InP(111)B, revealing improved epitaxial quality. For example, Takagaki and Jenichen obtained smooth Bi 2 Se 3 films in a hot-wall epitaxy and noted a fixed in-plane orientation relation between the epifilm and the substrate. 13 Tarakina et al. made a comparison between Bi 2 Se 3 growth on Si(111) versus that on InP(111)B and observed much improved film quality for the latter. 14 By transmission electron microscopy (TEM) studies, they also revealed the presence of poor interface layers, which might be responsible for the rotation and twin domains in their films. 14 15 Here we follow the initial stage nucleation of Bi 2 Se 3 on InP(111)A and reveal the role played by surface steps in guiding in-plane lattices of Bi 2 Se 3 . Rotation and twin domains are effectively diminished in samples grown on InP(111)A via the step-flow growth process. Total energy calculations show strong chemical interaction between In and Se atoms at the heterointerface; therefore, the system does not follow the process of van der Waals epitaxy (vdWe). 16, 17 The grown single-domain epifilms show reduced background doping and enhanced electron mobility. Magnetoresistance (MR) measurements also reveal the Schubnikov de Haas (SdH) oscillations that are attributed to bulk state Landau quantization.
Bi 2 Se 3 MBE growth and subsequent surface analyses using reflection high-energy electron diffraction (RHEED), low energy electron diffraction (LEED), and scanning tunneling microscopy (STM) were carried out in a customized Omicron ultrahigh vacuum (UHV) system. In the MBE chamber, conventional Knudsen cells were used for both Bi and Se sources, and their fluxes were 1.8 Â 10 13 atoms/cm 2 s and 2.7 Â 10 14 atoms/cm 2 s, respectively, during deposition. The film growth rate was about 0.76 nm/min. Singular and vicinal (3.5 offcut toward ½ 1 12) InP (111)A substrates were deoxidized at 620 K until the (1 Â 1) streaky RHEED pattern emerged, after which Bi 2 Se 3 deposition was carried out at 450 K. After a desired coverage, the growth was stopped, and the sample was then transferred under UHV to adjacent chambers for the LEED and STM characterizations. For some samples without any capping layer, transport measurements were performed using the Hall bar geometry in a Quantum Design Physical Property Measurement System (PPMS) at temperatures varying between 2 K and room temperature (RT). The Hall bars were fabricated by the standard photolithography technique with the dimension between two voltage probes of 200 lm long and 100 lm wide. The ohmic electrodes of the Hall bars were formed by thermal evaporation of Cr (20 nm)/Au (180 nm) layers. Figure 3 (a). Such RHEED oscillations imply the 2D island nucleation growth mode. On the other hand, on a surface containing a high density of steps and depositing Bi 2 Se 3 at elevated temperatures, the RHEED intensity ceases to oscillate, while the diffraction pattern remains streaky. This indicates the so-called step-flow growth mode where all of the deposits incorporate in the film at step edges. In this latter situation, we obtain films that are diminished of rotation and twin domains, which are manifested by the three-fold symmetrical LEED patterns as shown in Figure 1 (b) and by the unidirectional mounds seen by STM in Figure 1 (c). As is discussed in detail in Ref. 18 and noted for Bi 2 Se 3 growth, 4,19 the anisotropic growth rates of steps on a hexagonal crystal surface would lead to triangular islands instead of hexagonal ones. Based on the orientation of the triangular islands or mounds, one may infer the crystallographic domain of the epifilm. If a film contains rotation or twin domains, the surface would show oppositely oriented triangular islands. 4, 12 On the other hand, if the film is of single domain, the islands will all align in the same direction as exemplified in Figure 1 (c). The single domain film correspondingly gives rise to a LEED pattern that is three-fold in symmetry, whereas a twinned film would give rise to a six-fold LEED pattern. So based on the results of Fig. 1 , we assert that a single-domain Bi 2 Se 3 epilayer has been obtained by MBE on InP(111)A. Our LEED has a spot size of $0.5 mm in diameter, so the alignment of the lattice would at least extend over a similar length scale. In fact, we have repeated the LEED experiment at different locations of samples all showed the three-fold symmetry. This marks a significant improvement over films grown on some other substrates such as clean and buffered Si. 12 The relatively larger sizes of the triangular mounds (1-2 microns) and the width of terraces (hundreds of nm, see Figure 1 (d)) are all indicative of a better quality Bi 2 Se 3 film grown on InP(111)A by MBE.
In some previous studies of epitaxial Bi 2 Se 3 on substrates like Si(111), a similarly mounded morphology as that shown in Fig. 1(c) was also noted. 4, 12, 19 However, there is a distinct difference: the mounds seen in those studies were spirals originated from a preferential growth at screw dislocations. 20 Alternatively, they were created by a mechanism of growth front pinning by jagged steps of the substrate followed by an upward climbing of the growth front over the steps. 19 These spiral mounds are manifested by the winding steps on them, which are easily distinguishable from those seen in Fig. 1(c) . Indeed, the mounds on the surface of Bi 2 Se 3 grown on InP(111)A are of the wedding-cake structure, a morphological feature commonly seen in growth systems dictated by the Ehrlich-Schwoebel (ES) barriers. 21, 22 So the wedding-cake mounds in Fig. 1(c) may point to the presence of the ES barrier on Bi 2 Se 3 (111).
Twin domain suppression in Bi 2 Se 3 -on-InP(111)A is, in our view, rooted in the 2D step-flow growth mode of Bi 2 Se 3 on InP(111)A. To show this, Fig. 2 presents a surface after $0.1 quintuple layers (QLs) Bi 2 Se 3 deposition on an InP(111)A substrate. One notes that the deposits of Bi 2 Se 3 are mostly aggregated at ascending steps of the substrate, which is characteristic of the step-flow growth process. The lattices of the substrate at steps will then play a guiding role for crystallographic orientation of epitaxial Bi 2 Se 3 , leading to the single domain film. On a very flat surface containing few steps, epitaxial Bi 2 Se 3 would proceed by a periodic island nucleation and coalescence, which is manifested by the RHEED intensity oscillations (see inset of Fig. 3(a) ). The islands nucleated away from steps are not constraint by the lattices of the substrate at steps, although the hexagonal lattices on flat terraces still provide the epitaxial sites for a crystalline epifilm of Bi 2 Se 3 . In the growth direction of the c-axis, there can then be two atomic stacking sequences, one follows that of the substrate, i.e., -[ABC] InP -[abcab] Bi2Se3 , and the other is 60 rotated, being -[ABC] InP -[acbac] Bi2Se3 stacked. 29 If these two stacking sequences are degenerate in energy and thus equally favorable, the epifilm will be twinned. We believe this is exactly the case in the experiment of Fig. 3 , where oppositely oriented mounds and six-fold symmetrical LEED patterns signify a twinned film. The lack of 30 rotation domain, on the other hand, affirms the guiding role of the hexagonal lattice of InP(111) surface, which provides the epitaxial sites for epitaxial Bi 2 Se 3 . To check the two stacking orders are degenerate, we have performed the first principles total energy calculations of one QL Bi 2 Se 3 on 6 bilayer InP (refer to Fig. 1S in supplementary material 29 ) using the Vienna ab initio simulation package (VASP). 23 We compared the formation energies of the two configurations and found only a small energy difference ($8 meV per 1 Â 1 cell). As it turns out, the rotated domain is slightly more favorable on flat InP(111)A. In practice, real surfaces always contain steps, and if the lattices at the step edges provide additional constraints to the stacking of Bi 2 Se 3 , the stacking order following the substrate will expectedly become equally or more favorable. Therefore, a competition between the two stacking sequences may lead to twinned films of varying domain sizes on substrates with different step densities.
An important finding from this calculation is that there exists a strong chemical interaction between In and Se atoms at the heterointerface. Specifically, the interaction occurs between the p-orbitals of Se and the sp3-orbitals of In atoms. 29 There is a significant overlap in electronic density between the two atoms and their equilibrium distance is about 0.273 nm (see Fig. 4(a) ). Meanwhile, the atomic spacing of InP "substrate" near the surface is stretched by the In-Se interaction. For example, the very top layer of In atoms is found to be 0.351 nm above the second indium layer, which amounts to about 0.125 Å expansion over the bulk InP lattice. As a result, Bi 2 Se 3 growth on InP(111)A does not follow the vdWe process for the first QL, although from the 2nd QL and onwards, it is still of the vdWe process. 16, 17 Such a combinational growth kinetics can be beneficial to high quality film growth if the lattice misfit between the substrate and the epilayer is small. It will promote the 2D growth mode due to the lower surface energy of the layered Bi 2 Se 3 compound than that of the covalent substrate such as InP. 24 We have also calculated the formation energies of Bi 2 Se 3 on P-terminated InP(111)B surface. The results suggest that it is less favorable when comparing with InP(111)A surface. The energy difference is about 0.489 eV per (1 Â 1) cell. This may reflect the difference in chemical interaction between atoms of Se and In on InP(111)A versus that between Se and P atoms on InP(111)B.
As noted above, the lattice of InP at the surface (interface) layer is considerably stretched from the bulk value when Bi 2 Se 3 is grown. This lattice expansion is in favor of a possible chemical interaction between P and Bi atoms at steps due to a reduced bond distortion (see Fig. 4(b) ). The chemical interaction between P and Bi at steps in turn favors the step-flow mode of growth, making the steps to act as the additional guide to the lattice of epitaxial Bi 2 Se 3 , suppressing rotation domains in film.
Step-flow growth on a stepped InP(111)A is what we have had in the experiment of Figure 1 , where the stepped substrate was achieved by the thermal deoxidization procedure. To obtain a flatter surface like the one in Fig. 3 , careful and prolonged annealing procedure has to be taken after the thermal deoxidization. An alternative approach to prepare a stepped starting surface is to use a vicinal substrate on which trains of steps are inherently present. We have thus conducted such an experiment using a 3.5 offcut InP(111)A substrate and indeed obtained a single domain film as judged by from the uniform step structure of the surface. 29 We further tested growth on a deliberately roughened InP(111)A where the RHEED pattern was spotty. Obviously on such a surface, no island is expectedly nucleated away from steps. The resulted epifilm was also found to be of single domain. 29 Hence we assert that twin suppression of epitaxial Bi 2 Se 3 on InP(111)A is due to the step-flow growth mode, where steps of the substrate guide the lattices of epitaxial Bi 2 Se 3 for a unidirectional film. Selective area transmission electron diffraction and the LEED studies all confirm the lattices of Bi 2 Se 3 to conform to that of InP substrate with the epitaxial relation of Bi 2 Se 3 [111]// InP[111] and Bi 2 Se 3 ½ 1 12//InP½ 1 12.
From the above analysis, we may suggest similar situations to arise for Bi 2 Se 3 growth on other III-V substrates, such as GaAs. For the latter, however, large lattice mismatch may cause an ambiguity in growth mode. It will be interesting to examine the growth characteristics of Bi 2 Se 3 on these other zinc-blende III-V substrates in future studies. 
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Guo et al. Finally, the electrical properties of Bi 2 Se 3 grown on InP(111)A are found to be improved over those grown on clean or buffered Si(111), for example. The background doping of $1 Â 10 18 cm À3 and the low-temperature (2 K) electron mobility over 3500 cm 2 /V s are derived from low B-field Hall effect measurements, which marks an improvement over the best samples grown on Si(111) (3.0 Â 10 18 cm À3 and 2000 cm 2 /V s) but using similar MBE condition. 4, 29 Magnetoresistance experiments show SdH oscillations superimposed on a nonsaturating linear background as seen in Figure 5 (a) for different B-field tilting angles relative to the current and film plane. The non-saturating linear MR is believed to originate from surface states and diminished as the tilting angle is decreased to zero. 25 For each tilting angle, three oscillation periods could be extracted from a plot of derivative magnetoresistance as a function of inverse magnetic field (see Figure 5(b) ). However, the oscillation amplitude, phase, and period are different for different tilting angles, indicating that such SdH oscillations contain contributions overwhelmingly from bulk state electrons. The hexagonally deformed anisotropic Fermi surface of Bi 2 Se 3 (Refs. 26-28) is believed to be responsible for these.
To summarize, we demonstrate the advantages of using InP(111)A as the substrate for epitaxial growth of topological insulator Bi 2 Se 3 . Particularly, single domain epifilms are consistently obtained by MBE on such a substrate under the step-flow growth mode. Surface steps on the substrate play the guiding role of epitaxial crystallographic orientation, which can be related to a relatively strong chemical interaction between atoms at the heterointerface and steps. The mounded morphology of a thick film suggests an ES-barrier mediated growth process. MR measurements show SdH oscillations at various tilt angles; all show multiple oscillation periods. While the SdH oscillations indicate good quality of the sample, more than one oscillation periods may reflect the anisotropy of the Fermi surface of Bi 2 Se 3 which requires more in-depth studies.
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